In order to improve the measurement performance of incoherent Thomson scattering diagnostics, a high performance phase conjugate mirror based on stimulated Brillouin scattering (SBS-PCM) is applied to a Thomson scattering system for the first time in the JT-60U tokamak. We have demonstrated that a SBS-PCM which uses heavyfluorocarbon liquid showed a high reflectivity of 95% at a high input-power of 145 W. Using the SBS-PCM, two newly developed methods were employed to increase the amount of scattered light. In the first method, we first developed a new optical design to provide a double-pass scattering scheme with the SBS-PCM. In this new optical design, a laser beam passing through the plasma is reflected by the SBS-PCM, and the reflected beam is returned via the same path by means of the phase conjugate effect, and is then passed through the plasma again, in order to increase the scattered light. A double-pass Thomson scattering scheme using the SBS-PCM was demonstrated in JT-60U ohmic plasma, resulting in an increase of the scattered light by a factor of 1.6, and the reduction of relative error by 2/3 for electron temperature measurement in contrast to single-pass scattering. A multi-pass Thomson scattering scheme is also proposed based on the results of double-pass scattering. It is estimated that multi-pass scattering allows the generation of several times the amount of scattered light, and the reduction of the relative error for electron temperature measurement by 37% in contrast to single-pass scattering. Regarding the second method, a high average-power of YAG laser system was developed by applying the SBS-PCM to a existent diagnostic laser. As a result, the average-power was increased by over 8 times in contrast to the average power of the original system, achieving up to 368 W (7.4 J × 50 Hz).
Introduction
The incoherent Thomson scattering method [1, 2] is one of the standard diagnostic techniques for the measurement of local electron temperature and density, and is broadly used from the measurement of high temperature fusion plasmas to very low temperature laboratory plasmas [3] . Improvement of the capability of Thomson scattering diagnostics have been required with the advance of our understanding of the plasma physics involved in fusion plasma research. For example, the H-mode (high confinement mode) [4] in which the electron temperature and density profiles have steep gradients near the separatrix by the edge transport barrier, is considered a standard operation scenario for ITER (International Thermonuclear Experimental Reactor) [5] . The structure of the peripheral profile including an edge transport barrier is called the "edge pedestal". Since the characteristics of the edge pedestal correlate with those of the core plasma, an understanding of the edge pedestal structure becomes crucial [6] . To measure the structure of the edge pedestal accurately, a wide range of measurements of electron temperature and density with high spatial and temporal resolutions are required.
In the JT-60U Tokamak, a Thomson scattering system using two ruby lasers [7] [8] [9] , was installed to measure the spatial and temporal profiles of electron temperature and density. However, since the ruby laser can fire only one pulse in 4 seconds, it was almost impossible to measure phenomena such as the formation and evolution of an internal transport barrier which changes with the time scale of energy confinement time. Therefore, a Thomson scattering system using a Nd:YAG laser that has fifteen spatially-resolved points has been developed [10, 11] . The repetition rate and energy of the YAG laser were 10 Hz and 2 J, respectively, at the beginning. The repetition rate was then further increased to 30 Hz by optimizing the laser optics. However, the repetition could not be increased further due to thermo-optic effects (i.e., The thermal lens effect and distortion of the wavefront) in YAG laser rods.
For the elucidation of nuclear-burning plasma physics, Thomson scattering diagnostics have been considered an important tool. In the ITER, Thomson scattering systems to measure the core plasma, the edge plasma, the x-point, and the diverter leg have been considered [5] . Since it is necessary to solve various issues in order to realize future Thomson scattering systems, this paper mainly focuses on improving the spatial and temporal resolutions of a standard Thomson scattering method (not LIDAR system). In order to improve of the spatial resolution, an increase of the laser energy to generate the scattered light is crucial, in addition to optimizing the designs of optics to observe the scattered light. For the improvement of temporal resolution, the development of a higher repetition laser is essential.
Several attempts have been made to increase the scattered light and temporal resolutions. One approach has been to use several laser-beams in combination in time or space. Eight commercial lasers were used to realize high temporal resolution for the Thomson scattering system in the DIII-D Tokamak [12] [13] [14] . The typical performance of such commercial lasers is 1 J of energy and a 20 Hz repetition rate. Each laser can be fired at a constant rate (20 Hz per laser) for a high average repetition rate of up to 160 Hz, or together in a "burst mode" which gives very high sampling rates up to 10 kHz for a short period. To improve the signal to noise ratio, a group mode that is fired simultaneously into the same data acquisition gate is also possible. Complicated optics are generally used to combine the laser beams in this case. Furthermore, since the performance of the detectors is strongly dependent on the alignment of the laser image, dynamic control of the laser alignment is necessary to accurately evaluate the temporal change of the density profiles [15, 16] . Another approach is a laser based on a multi-pass intra-cavity probing system in the TEXTOR [17, 18] . The resonator cavity of the multi-pass intra-cavity laser proving system is formed by a 100% rear mirror and multi-pass optics which enable the laser beam to scan a probing volume many times and then turns it back to the laser rod. This system provides a significant gain in probing energy, and gives a probing energy of > 1,000 J at a pulse repetition rate of more than 10 kHz. However, since the alignment for laser oscillation is complex, it seems that the routine operation and the suppression of the stray light are not easy. Therefore, certain problems remain to be solved regarding the improvement of spatial and temporal resolutions, and this requires the introduction of new optical technology to Thomson scattering diagnostics.
We focus on a phase conjugate mirror based on stimulated Brillouin scattering (SBS-PCM) to address these issues. The phenomenon of phase conjugation was discovered in the early 1970s by Zel'dovich et al. [19, 20] . Stimulated Brillouin scattering (SBS) is one of the most common nonlinear optical processes for achieving a phase conjugate wave with the inclusion of a small Brillouin frequency shift. The part of the nonlinear optical medium that causes phase conjugation is called a "phase conjugate mirror (PCM)" in order to distinguish it from a standard mirror. The application of the SBS-PCM to a laser system utilizing a high power amplifier allows the perfect compensation for the thermal effect, especially the distortion of the wavefront that is induced in the high-power amplifying rods of solid-state lasers. It also allows the creation of a high-quality and highpower laser beam [21] .
In recent years, several liquid or solid materials which have a high laser-damage-threshold and high reflectivity were found applicable to the high performance SBS-PCM [22] [23] [24] [25] . Especially, heavy fluorocarbon liquids were found to be an ideal medium for the SBS-PCM. Fluorinert FC-75 which is a heavy-fluorocarbon liquid showed high reflectivity (~98%) at 14 J of injection energy. However, the SBS-PCM was tested at a repetition rate of less than 10 Hz and ~10 W of average input-energy using standard laser systems. Therefore, the SBS-PCM has been required performance tests using a higher average-power laser.
Little attention has been given to the application of optical phase conjugation to plasma diagnostics. Several possibilities for plasma diagnostics provided by optical phase conjugation and, in particular, self-pumped phase conjugation in barium titanate (BaTiO 3 ) have been discussed [26] . However, no studies have described the application of SBS-PCM to Thomson scattering diagnostics.
The layout of this paper is as follows. The principles and characteristics of the SBS-PCM, and the performance of our SBS-PCM are described in Sec. 2. Secs. 3 and 4 focus on the applications of SBS-PCM for the improvement of the measurement performance of Thomson scattering diagnostics. In order to solve the issue regarding the generation of scattered light, measurement schemes utilizing the characteristics of the SBS-PCM (especially time reversal) are newly proposed. These include double-pass and multi-pass Thomson scattering schemes, as described in Sec. 3. Furthermore, an improved Nd:YAG laser system employing SBS-PCMs was developed in order to solve the problems involved with both the generation of scattered light and temporal resolution, as described in Sec. 4. Discussion of future research directions, and conclusions are described in Sec. 5 and Sec. 6, respectively.
High Performance Phase Conjugate
Mirror Based on Stimulated Brillouin Scattering 2.1 Principles and characteristics of phase conjugate mirror based on stimulated Brillouin scattering
Optical phase conjugation means the reversing of the phase front of the propagating light wave with respect to the propagation direction. This means that the phase front of the reflected light is perfectly identical with the phase front of the incident light if the propagation direction is changed 180°i n the phase conjugate mirror. It is obvious that this phase conjugate reflection can be realized in volume mirrors only. In comparison to conventional mirrors, where only the perpendicular component of the wave vector is reflected at the mirror, in phase conjugation all components of the wave vector of the incident light wave will be inverted. As a theoretical description we assume an incident wave E 
here the incident field propagates in the positive z direction, k → is the wave vector, A → is the complex amplitude, the asterisk denotes the complex conjugate, and c.c. stands for the complex conjugate of the explicitly written term. This process is formally equivalent to the transformation t → -t in the term describing the phase of the light wave. Therefore, optical phase conjugation was sometimes assigned to time reversal. The phase-conjugate reflected light will indeed follow exactly the same path as the incident light, but in the opposite direction. Also, all phase conditions are constant. The nonlinear optical element realizing the phase conjugation is therefore called a phase conjugate mirror (PCM). If this mirror is realized with stimulated Brillouin scattering, the resulting mirror is called a SBS-PCM [27] .
To understand characteristics of the SBS-PCM, comparison of the SBS-PCM and a conventional mirror is shown in Fig. 1 . In the case of a conventional mirror, when light emitted from a point light source reaches the mirror as a spherical wave, the mirror simply bends the path, and the light then propagates while spreading out gradually as shown in Fig. 1 (a) . If an optically non-uniform medium (aberrating medium: e.g., atmospheric turbulence, optical components) is present in an incident path, the wavefront of the reflected light is distorted by the non-uniform medium. On the other hand, as shown in Fig. 1 (b) , the light reflected by the SBS-PCM is regularly returned to its original point source in a manner reminiscent of the reverse playback ("time reversal") of video tape. Therefore, the phase conjugated wave is a duplicated wave which has a reversed wavefront, and propagates on the reverse toward an incident wave. Even an optically nonuniform medium exists in the light propagation, the distortion caused by the non-uniform medium is compensated for automatically by the phase conjugate effect. If these characteristics are utilized for the laser amplifier, the aberration that arises when the laser beam propagates in the laser medium (laser rod) can be compensated for completely.
High performance phase conjugate mirror
In order to realize the phase conjugate mirror based on stimulated Brillouin scattering (SBS-PCM), the SBS medium was chosen from many solid, liquid, and gaseous materials. A liquid fluorocarbon (whose trade name is 3M Fluorinert, FC-75) filtered by a membrane filter having 0.025-µm pores was used as an SBS medium [22] . Liquid fluorocarbons satisfy the demands for an SBS-medium owing to their excellent optical quality, low absorption in a wide spectral region ranging from ultraviolet to infrared, high laser breakdown threshold, good thermodynamic property, and durable chemical stability. An SBS cell is filled liquid with SBS medium (FC-75) in a glass tube of 300 mm in length, 30 mm in bore surrounded by a stainless steel pipe with AntiReflection (AR) coated windows at both ends, as shown in Fig. 2 .
The reflectivity of the SBS-PCM was measured as shown in Fig. 3 (a) by using a multi-pulse Nd:YAG laser for JT-60 Thomson scattering diagnostics. The specifications of the YAG laser are follows: wavelength, 1064 nm; pulse width, 30 ns (FWHM); energy, < 3J; repetition rate, up to 50 Hz. ) shows the reflectivity of the SBS-PCM against the average power input to the SBS cell, and also shows not only our data but other group's data. In this figure, the average input power in Watts is defined as a product of laser energy at Joule times laser repetition rate in Hz. We have confirmed that the reflectivity of the SBS-PCM using FC-75 is higher than 98% above 14 J in single-shot operation, and is higher than 90% at 5 W (500 mJ × 10 Hz) and 8 W (1.33 J × 6 Hz) operation, so far. It has been possible to measure the reflectivity of the SBS-PCM at a higher average power level by using the Thomson scattering diagnostic laser in the JT-60U. The experiment was performed in a high averagepower regime which is an order of magnitude higher than the conventional one. As a result, our SBS cell achieved 95% reflectivity at 145 W (2.9 J × 50 Hz) during high averagepower operation. In high average-power operation, the SBS cell also works stably without laser breakdown of the SBS medium. This SBS cell is utilized for double-pass scattering and high average power laser as will be mentioned later.
Double-Pass and Multi-Pass Thomson
Scattering Scheme Using the SBS-PCM 3.1 Development of double-pass Thomson scattering scheme using the SBS-PCM
In the conventional single-pass Thomson scattering system, a focused laser beam is injected into the plasma in order to generate scattered light, and the beam is then dumped by a beam dumper after passing through the plasma ( Fig. 4 (a)). Since the plasma's transmission loss is negligible, the energy of the dumped beam is almost the same as that of the input beam. The large laser energy, which passed through the plasma, is abandoned without recycling. Therefore, it is natural to consider that the beam that has passed through the plasma can be utilized again for measurement. Let us consider a standard mirror utilized to turn the beam (Fig. 4 (b) ). In the case of using a flat mirror, since the beam has a positive divergence angle, the beam spreads and returns after the beam is reflected by the mirror. The large amount of stray light will be generated when the spread beam touches the vacuum vessel and laser port, and the measurement of Thomson scattering thus becomes difficult. In the case of using a concave mirror, although it is possible to decrease the generation of stray light, precise beam alignment is required.
As a method for solving the problem of the standard mirror, we developed a double-pass Thomson scattering scheme employing SBS-PCM as shown in Fig. 4 (c). In this new optical design, a laser beam passing through the plasma results. Shown in (a) is the optical layout for the measurement of reflectivity. The reflectivity is defined a ratio of reflected power against input power, and the evaluation of reflectivity are taken into account the transmissibility of a Faraday rotator and a lens as shown in (b). For each data points, initial of institute name, SBS-medium, laser energy and repetition rate are indicated. Shaded region shows a region which can not neglect thermal effects (e.g. thermal defocus) due to the absorption of laser power. To avoid thermal effects, the SBS-PCM must work in unshaded region. Fig. 4 Comparison of Thomson scattering of (a) conventional scheme, (b) double-pass scheme using standard mirror, (c) double-pass scheme using a phase conjugate mirror.
is reflected by the SBS-PCM in place of a beam dumper, and the reflected beam is automatically returned to the same path as the incident one by the phase conjugate effect, and passed through the plasma again. If a conventional mirror is used for this purpose, very precise beam alignment is frequently required to reduce the amount of stray light. However, such alignment is completely unnecessary in the case of the SBS-PCM. After an initial simple positioning of the SBS-PCM, alignment-free operation can be realized by the phase conjugate effect. Therefore, by using this new scheme, we can expect twice the amount of scattered light in contrast with a conventional single-pass design. Although reflected beam finally returns to the laser system, a Faraday-type isolator, which is located in a final stage of the laser system, removes easily the laser beam returning back to the laser system. The first double-pass scattering experiment was carried out using an ohmic plasma discharge in the JT-60U. The schematic of this double-pass scattering is shown in Fig. 5 . The laser beam propagates by means of mirror optics, and is introduced into the JT-60U vacuum vessel. The image of the beam pattern of the laser system is transferred to the bottom of the JT-60U by relay-imaging optics employing two lenses ( f 14,000, f 17,000). Brewster angle windows are installed at both ends of the laser ports on the vessel, while some beam baffle plates are also installed in the perpendicular laser pipes connected to the vacuum vessel. The laser beam, which emerges from the upper laser port, is introduced to the SBS-PCM via a mirror and a lens. The beam reflected by the SBS-PCM returns via the same path as the incident one, and finally reaches the laser system. The distance between the laser system and the SBS-PCM is 76.5 m, and the laser beam travels a round trip distance of 153 m. The properties of the YAG laser are an energy of > 2 J and a repetition rate of 50 Hz, and the averaged input power to the SBS cell was about 100 W (2 J, 50 Hz).
Two ohmic plasma discharges (a plasma current of 1.2 MA, toroidal magnetic field of 3.0 T) with similar electron densities and temperatures were performed in the JT-60U, and the electron temperature and density were measured with and without the double-pass scattering scheme. In the first result, the intensity of the scattered light near the mid-plane (scattering angle ~90°) became 1.6 times larger and the relative error was reduced to 2/3 in comparison with singlepass scattering as shown in Fig. 6 . The double-pass scattering also increased the amount of stray light to 1.6 times of that for the single path. Since the stray light in the JT-60U has always been kept at a low level as compared with scattered light, the increased stray light does not influence the evaluation of electron temperature and density.
Multi-pass Thomson scattering scheme using the SBS-PCM
In the case of double-pass scattering, scattered light can be increased up to a factor of 2, as mentioned above. However, most input energy remains in the double-passed beam. We propose a multi-pass Thomson scattering scheme that more effectively utilizes the input beam energy and that generates over twice the amount of scattered light. The schematic of the multi-pass Thomson scattering is shown in Fig. 7 . Since the multi-pass scattering scheme is an expansion of the double-pass scheme, the components of the multi-pass scattering system are similar to those used in the double-pass system, except that another SBS-PCM with a lens, a thin film polarizer, and a large aperture Pockels cell are added. Multipass scattering generates over twice the amount of scattered light by confining the laser beam between a pair of SBSPCMs. As mentioned, alignment-free operation can be realized by the SBS-PCM after an initial adjustment. Figure 8 shows a simplification of Fig. 7 . The laser beam can be confined between a couple of SBS-PCMs by control of the laser beam's polarization.
(1) In case of the first pass, p-polarized laser beam passes through the polarizer (PL), the Pockels cell (PC), the plasma, and finally enters the SBS-PCM as shown in Fig. 8 (a) . At this time, the Pockels cell is inactive, and the beam's polarization would not change, even if the beam passes through the Pockels cell. The Pockels cell is activated immediately after the beam passes through it by applying high voltage, and works as λ/2 wave plate.
(2) In the case of the second pass, the beam reflected by the SBS-PCM passes through the plasma and the Pockels cell. Since the Pockels cell is activated as a λ /2 wave plate, the polarization of the beam is changed from p to s after the beam has passed through the Pockels cell. The s-polarized beam which passed the Pockels cell is reflected by the polarizer, and then enters another SBS-PCM as shown in Fig. 8 (b) . (3) After the second pass, the beam travels infinitely between the SBS-PCMs until the Pockels cell is inactivated. The performance of the Pockels cell is the key to realizing the multi-pass scattering system. Essential requirements for the Pockels cell include a fast response for activation and a large aperture. In the case of slow activation, the beam can not be confined. In the case of the JT-60, since the distance between the SBS-PCMs will be 20 m, a response time of less than ~100 ns is required. On the other hand, since damage threshold of the Pockels cell medium is comparatively low, the energy density must be decreased to pass the Joule order beam which is required for Thomson scattering diagnostics. A wide beam must be used in order to decrease energy density, and a Pockels cell having a large diameter is required. A Pockels cell which satisfies the above two requirements has already been developed (e.g., the ILE PC135: Pockels medium is a KD*P crystal, diameter = 135 mm, rise time = 10 ns), and shows promise in an application to this measurement.
We next estimate the measurement performance of the multi-pass Thomson scattering scheme. Since some losses exist for optical components, the beam energy decreases in a multi-pass process, and finally approaches zero. Such a loss arises mainly in the SBS-PCMs, Pockels cell, and polarizer, and each loss is evaluated as follows: loss of SBS-PCM < 5%, loss of Pockels cell < 5%, loss of polarizer < 2%. Thus, the total loss is estimated to be under 12%. Figure 9 shows the amplification fraction of scattered light against the cumulative scattering count. If the loss is 15%, the amplification fraction is saturated when the cumulative scattering count is over ~20, and the value reaches 6.6. If the total loss is possibly 10%, the amplification fraction reaches 10. The calculated relative error for electron temperature is shown in Fig. 10 . This simulation was carried out at a scattering angle of 90 degrees, an electron temperature of 5 keV, and an electron density of 1 × 10 19 m -3 . The simulation took into account the noise characteristics of APD detectors and the filter function of the polychromator for the JT-60U YAG laser Thomson scattering system. At a total loss of 15%, the relative error for the electron temperature was reduced by 37% in relation to that obtained by a single-pass case when the cumulative count is about 10. However, the relative error increases when the cumulative count is more than 10. This is because noise components (i.e., photon noise, circuit noise, etc.) also accumulate by expanding the gate width for data acquisition. The smallest relative error is determined by a balance between the improvement due to multi-pass scattering and the noise effect. The laser beam reflected by the SBS-PCM usually is accompanied by a small frequency shift (Brillouin shift ν B ). When using Fluorinert FC-75 as the SBS medium, the Brillouin shift is 1408 MHz. The relation between the Brillouin shift and the cumulative count of the reflection by the SBS-PCM is shown in Fig. 11 (a) . Since the effective cumulated count is less than ~10 as seen in Fig. 10 , the cumulative Brillouin shift is less than 0.1 nm. Relative error simulations were carried out both with and without Brillouin shift, and the result is shown in Fig. 11 (b) . Even with a Brillouin shift of 1 nm, its influence on the evaluation of electron temperature was shown very small except at very low temperature measurements in the JT-60U Thomson scattering system.
Development of High Average Power Laser System Using the SBS-PCM for Thomson Scattering Diagnostics 4.1 Conventional YAG laser system for JT-60U Thomson scattering diagnostics
Before introducing the SBS-PCM to Thomson scattering diagnostics in the JT-60U, the Nd:YAG laser system as shown in Fig. 12 was used. A master oscillator is a linearly-polarized, multi-longitudinal mode, TEM 00 Nd:YAG Q-switched laser, with 30 mJ of output energy and producing 30 ns of quasiGaussian waveform pulses. This laser system uses a MOPA (master oscillator-pulsed amplifier) scheme employing preamplifiers and amplifiers. Its pre-amplifiers are composed of a pair of laser rods (Diameter = 8 mm, length = 85 mm), and its amplifiers are also composed of a pair of laser rods (Diameter = 12 mm, length = 85 mm). This system produced a Gaussian-like beam with an energy of > 1.5 J, a pulse length of ~30 ns, and a divergence of < 0.5 cm·mrad (half angle) at a 30 Hz repetition rate. The near-field pattern (NFP) of the output beam is also shown in Fig. 12 . When the pumping power was increased, the NFP degraded in shape as a result of the thermally induced lens effect, the birefringence effect, and the diffraction effect produced by a rod edge. The measured depolarization loss in a single pass through the two YAG rods (12 mm of diameter) was more than 5% in spite of birefringence compensation using a 90 degree rotator.
Improvement of YAG Laser performances using the SBS-PCM
As mentioned in the previous section, in order to develop a higher output power laser system, it is essential that the thermal effect which arises in the laser rod is compensated. To solve the issue, the SBS-PCM is applied to the conventional YAG laser system. Figure 13 shows the modified YAG laser system with the SBS-PCMs in operation at 30 and 50 Hz repetition rates. The SBS-PCMs were installed in each of the multi-stage amplifiers in order to change from a singleto a double-pass amplification arrangement. A relay-imaging optics system was also used to minimize the effect of diffraction and to maintain beam uniformity. The beam output from the oscillator was image-relayed to middle of the amplifier head. Since the gain band-width of stimulated Brillouin scattering must be within the spectral band width of the laser oscillation, the single-longitudinal mode produces the higher reflectivity in the SBS-PCM than that does the multi-mode. Therefore, the existent master oscillator was modified to a single-frequency, TEM 00 Nd:YAG Q-switched laser. The output energy of the oscillator was 30 mJ in quasiGaussian pulse shape, and had an FWHM of more then 30 ns at a 30-50 Hz repetition rate. The input beam passed through a polarizer and then entered the amplifiers. The one-pass amplified output beam passed through a Faraday rotator, and was focused into a 150 mm point inside the SBS cell (length = 300 mm) by a lens of 200 mm in focal length. The 90 degrees rotator was inserted between the amplifiers in order to compensate for the depolarization induced in the laser rod. Although the beam reflected by the SBS-PCM returned via the same path, the polarization of the reflected beam was rotated 90 degrees against the incident one by the Faraday rotator. Consequently, since the polarization of the output beam was rotated 90 degrees, and the doubly amplified beam was extracted by the polarizer.
A maximum intrinsic SBS reflectivity of approximately 98% was obtained at an incident power of 43 W (1.43 J × 30 Hz). The reflectivity of the SBS-PCM operating at a Fig. 13 Optical layout of the laser system at 30 Hz repetition rate, (b) 50 Hz repetition rate. Fig. 12 Optical layout of the original YAG laser system. constant repetition rate was similar to that of the single-shot operation. No optical damage was observed during the experiment. As a result, optical breakdown does not occur because the focusable intensity does not increase. The NFP with a flat-top pattern using the SBS-PCM shows reduced diffraction fringes as a result of the spatial filtering effect. The reflection in the SBS-PCM was initiated at the beam waist so that the diffracted fraction of the incident beam's higher spatial frequency caused a weak reflectance. Although the low-order fringe pattern remained in the reflected pulse, higher spatial components disappeared, resulting in a flat-top NFP in terms of the reflection from the SBS-PCM and the transmitted patterns. Thus, the SBS-PCM works as a lowspatial-frequency filter even without a soft aperture. The focal spot size of the reflected beam was only 1.5 times the diffraction-limited value. The double-pass amplification using SBS-PCM increased the laser energy by 40% in contrast with that of the single-pass at 30 Hz operation, while the average output power reached 62 W (2.1 J × 30 Hz). Furthermore, this system achieved a maximum output power of 130 W and a maximum peak power of 52 MW. The maximum pulse energy reached 2.6 J with a 50 ns pulse width at a repetition rate of 50 Hz [28] .
High average and peak output power YAG laser system for Thomson scattering
In order to obtain higher average and peak output power, modifications were carried out. These included re-arrangement of the laser optics, and improvement of the amplifiers. Since analysis shows that efficient amplification is possible by dividing the beam line into two, the optical arrangement was altered as shown in Fig. 14 . The output beam of the master oscillator is amplified by a pre-amplifier (AMP1). In the pre-amplifier (having a rod diameter of 8 mm and a length of 85 mm), the double-pass amplification is carried out using a conventional plane mirror. The amplified beam is converted from the Gaussian beam into the super Gaussian beam (top hat shape) using a serrated aperture (the number of sawteeth is 50 and the average diameter is 6.25 mm) equipped with a spatial filter. The image at the serrated aperture is transferred to the main image points (i.e., in the central of the amplifiers and in front of the SBS-PCM) in order to maintain the flat pattern by relay-imaging optics. After pattern shaping, the beam is expanded to match the amplifiers at the back stage by a relay-imaging telescope, and divided to two beams by a half wave plate and a thin-film polarizer. Each divided beam is amplified by double-pass amplifiers using the SBS-PCMs. One double-pass amplifier is composed of two amplifiers (AMP2, 3; rod diameter = 12 mm, rod length = 85 mm), and another similar double-pass amplifier (AMP4, 5; rod diameter = 14 mm, rod length = 90 mm). The double-pass amplified beams are bundled, and each beam is inputted into the JT-60U vacuum vessel as the beams cross near the mid-plane of the vacuum vessel. Since the focal depth of the collection optics for scattered light is about 1 cm, this geometry is acceptable for Thomson scattering measurement.
Since each beam pattern is superimposed onto the bundled beam, and beams interfere with each other. This interference effect must be suppressed in order to avoid the laser-damage. In order to suppress the spatial and temporal interference effect of the two beams, we proposed two ideas: shifting the frequency of the laser beams and the time lag of the laser pulses. For shift the laser frequency, double-pass amplification was performed using SBS mediums whose frequency shifts (Brillouin shift ν B ) differed. This method was able to realize the frequency shift of each beam. FC-72 (ν B = 1.208 GHz) and FC-75 (ν B = 1.408 GHz) were used in the SBS-PCM. For the time-lag of the laser pulses, the propagation distance between two beams was extended over the coherent length of the laser. The suppression of the interference effect was examined experimentally. The optical layout of the experiment is shown in Fig. 15 . A laser beam was divided to two beams by a beam splitter (BS2), and the two beams were then reflected by different SBS-PCMs. The reflected beams were combined by the beam splitter (BS2), and the combined beam was extracted by a beam splitter (BS1). The pulse shape of the extracted beam was measured using a biplanar phototube. The difference of two beams' paths is defined as ∆L. In the same SBS medium (FC-75) and 2∆L = 1.0 m, the reflected beams interfered with each other, and the waveform fluctuated as shown in Fig. 16 (a) . In the same SBS medium (FC-75) and 2∆L = 8.3 m, the interference diminished, and the fluctuation also diminished as shown in Fig. 16 (b) . In different SBS mediums (FC-72, FC-75) and 2∆L = 1.0 m, a beat wave (period is 5.7 ns) arose which corresponded to the difference of frequency shift between FC-72 and FC-75 as shown in Fig. 16 (c) . In Fig. 14 Optical layout of the 7.4 J, 50 Hz laser system. Fig. 15 Optical layout of the coherence test for 2 beams. different SBS mediums (FC-72, FC-75) and 2∆L = 12 m, the beat wave disappeared, and the fluctuation due to the interference was suppressed as shown in Fig. 16 (d) . It was found that this scheme can effectively suppress the interference effect between two beams. Figure 17 shows the output beam for each double-pass amplifier stage and the combined pattern. The combined pattern showed no fringe due to the interference effect. The amplifiers' flow tubes and the laser rod were improved. The flow tubes is used generally to efficiently cool the rod and the flash lamp in high repetition rate solid state lasers. For laser rod cooling, the conventional amplifier used in the JT-60U employed a ceramic diffusion-type flow tube. Although the diffusion type flow tube is used to achieve a uniform pattern, only half of the pumping light enters the rod due to its low transmissivity. To pump the laser rod efficiently, a transparent flow tube made of samarium-doped glass is utilized. Since the samarium tube is transparent, not only its transmissivity is improved but it also has an advantage in that the samarium is excited in the ultraviolet light of a xenon lamp, and it emits green light. Since the light agrees with the absorption line of the Nd:YAG, it can be used effectively as an exciting light. Another improvement involves the cylindrical surface of the laser rod which is grooved to 0.127 mm (0.005 inch) in depth and 0.635 mm (0.035 inch) in pitch in order to enhance cooling performance and to suppress parasitic oscillation.
The performance of the laser was drastically improved by the improvements mentioned above to finally achieve 368 W of average power (7.4 J × 50 Hz). This improvement is summarized in Fig. 18 . The average power exceeded eight times that of the original laser system. This laser system is in routine operation for Thomson scattering diagnostics in the JT-60U [29] .
Discussion

Discussion regarding the results of double-pass Thomson scattering measurement
In the double-pass Thomson scattering using SBS-PCM, the intensity of light scattered by the reflected laser beam is affected by laser quality (quality of longitudinal and transversal mode) and by transmission loss (mirror, lens, etc.). To begin with, we focus on the reflectivity of the SBS-PCM. The reflectivity of SBS-PCM was about 90% in this experiment. The reason why higher reflectivity was not obtained originates in the propagated beam pattern. Figure 19 shows the beam patterns at the main positions along the laser beam path. Although the flat pattern at the laser system ( Fig. 19  (a) ) is transferred to bottom of the JT-60U (Fig. 19 (b) ), the pattern in front of the SBS-PCM is disturbed (Fig. 19 (c) ). Since the relay-imaging optics guarantee the image at the imaging point only, the pattern at the bottom of the JT-60U is almost the same as that at the laser system. On the other hand, since the position of the SBS-PCM is not a correct relayimaging point, diffraction fringes (Fig. 19 (c) ) appear in the pattern in front of the SBS-PCM. The SBS-PCM cannot reflect higher-order components due to the far-field distribution at the focal position in the cell, and the higherorder modes pass through the SBS cell as shown in Fig. 19  (d) . Therefore, the reflection loss (~10%) of the SBS-PCM is caused by the energy loss due to the diffraction pattern.
Considering the transmission loss, this loss could be accounted for by the presence of four optical components between the SBS medium and plasma. These include the window for the SBS cell (the material is BK7 with AR coating on a single side, BK7: a borosilicate crown optical glass), the plano-convex lens (the material is BK7 with AR coating on both sides), the mirror (dielectric multi-coating), and Brewster-angle windows (the material is fused silica which is non-coated). It is possible to estimate the value of the total transmission loss to be 10%. Furthermore, there was a 10% loss due to the reflection at each side of the Brewster window. It could be said that this is due to the small depolarization arising during the propagation of the optical components. Accordingly, the total loss is estimated to be 40%. This value is consistent with the experimental results. If there is no high order component in the beam pattern in front of the SBS-PCM, it seems that the SBS-PCM shows higher reflectivity (> 95%). Furthermore, if the number of optical components can be reduced and depolarization can be improved, it seems that the intensity of the double-pass scattered light approaches twice that of the single-pass system.
Future direction for the development of the multi-pass (double-pass)
Thomson scattering scheme using the
SBS-PCM
As mentioned in section 3.2, since the optics of multipass scattering involve some optical loss, the amplification fraction of the scattered light was estimated less than 10. If an additional laser amplifier is installed in the optical layout of the multi-pass Thomson scattering as shown in Fig. 20 , the degradation of the laser energy is reduced due to the amplification of the laser beam. It is possible to generate scattered light by factor of over 30, if the amplifier's gain of amplifier is 5. This scheme is also applicable to double-pass scattering.
Measurement schemes involving multi-pass (doublepass) scattering increase not only scattered light but also allow the possibility of various applications. For one thing, multipass (double-pass) scattering can measure plasma anisotropy. The isotropy of the plasma is assumed in multi-pass (doublepass) scattering in Sec. 3. However, if the plasma is anisotropic on the probing laser beam, multi-pass (double-pass) scattering allows the measurement of plasma anisotropy in principle when the spectra scattered by the incident and return beams are measured separately. Regarding another application, if high-speed phenomena (i.e., the high speed fluctuation of electron temperature and density) on the order of sub-millisecond or less must be measured, it is possible to measure such phenomena pseudo-continuously using the multi-pass scattering scheme. In this case, the spectra scattered by the incident and return beams are also measured separately. The temporal resolution depends on the distance between two SBS-PCMs.
Future direction for the development of high average power laser systems using the SBS-PCM
An edge Thomson scattering system have been designed conceptually in order to measure the edge plasma in the ITER [30, 31] . The design assumes the use of YAG laser(s) as probe beam. The target performance of YAG laser is an energy of 5 J, a repetition rate of 100 Hz, and an average power of 500 W. The performance of our laser system which is 368 W (7.4 J × 50 Hz) of average power is close to the performance required for the ITER. Since the repetition rate is limited by the capacity of the power source, operation at 100 Hz with 5 J seems to be possible if the power source capacity is increased. That is to say, it is possible to satisfy the required specifications of edge Thomson scattering measurement for the ITER by using 1 laser system equipped with SBS-PCM.
LIDAR Thomson scattering has been considered as a method of measuring the core plasma in the ITER [30, 31] . In the LIDAR system in the ITER, a Ti:Sapphire laser rather than a conventional ruby laser is assumed as a probe beam since the LIDAR requires a higher repetition rate. Since the Ti:Sapphire laser is generally pumped by a green YAG laser (whose wavelength is 532 nm) using a second harmonic generator (SHG), the high-power YAG laser having a fundamental wave (wavelength is 1,064 nm) is essential. The target performance of the Ti:Sapphire laser is 1.8 J of energy, a repetition rate of 10 Hz, a pulse length of 300 ps, and a wavelength of 800 nm. In order to realize 1.8 J of energy for the Ti:Sapphire laser, it must be pumped by 3.6 J of green YAG laser, assuming a pumping efficiency of 50%. Furthermore, 7.2 J YAG laser having a fundamental wave is necessary to obtain 3.6 J of green YAG laser, assuming a conversion efficiency of 50%. Thus, the YAG laser having a fundamental wave and an energy of 7.2 J is necessary to produce 1.8 J of output energy in the Ti:Sapphire laser. Our laser system is applicable to the Ti:Sapphire laser for ITER LIDAR system, providing a higher repetition rate of 50 Hz.
On the other hand, we are considering an alexandrite laser as the probe beam for a high repetition rate LIDAR system. The Alexandrite laser does not require a high power YAG laser as a pumping laser, and the pumping source uses a conventional flash lamp or laser diode. Furthermore, it can achieve high repetition operation because the thermal shock resistance of alexandrite is 5 times larger than that of Nd:YAG. In the case of the alexandrite laser, double-pass amplifiers using the SBS-PCM are essential to obtain high average output and peak power for LIDAR.
Since the laser's pulse width corresponds to the spatial resolution in the LIDAR Thomson scattering diagnostics, the pulse width must be 300 ps or less in order to obtain 10 cm of spatial resolution. In order to obtain such a picosecond pulse, a mode-locking laser is used, and this scheme generally requires a complicated optical configuration. Recently, experiments regarding temporal pulse compression using a SBS pulse compressor (SBS-PC) have been carried out [32, 33] . The SBS pulse compressor uses a SBS cell as does the SBS-PCM, and uses long SBS cells. The optical layout of the SBS-PC is similar to that of the SBS-PCM as well in that the reflected pulse is compressed automatically by the SBS cell. Although a conventional nanosecond-pulse ruby laser was converted to give 300 ps pulses at 1 J energy using compressed SF 6 and argon gas as the SBS medium [34] , the conversion efficiency was not relatively high (< 30%). In the case of using FC-75 as the SBS medium, it was possible to convert with 88% efficiency a 25 J and 25 ns pulse from an Nd:glass laser into a 0.5 ns high contrast pulse [35] . Although there is a room for further investigation of the SBS pulse compressor, it may be possible the pulse be further compressed for use in LIDAR Thomson scattering diagnostics in the ITER, if an appropriate SBS medium is determined.
Conclusions
In order to improve the measurement accuracy of Thomson scattering diagnostics, the SBS-PCM was applied for the first time to the Thomson scattering system. We first demonstrated that a single-cell, closed type SBS-PCM enables the incident power to reach 145 W using a high averagepower laser for Thomson scattering diagnostics in the JT-60U. The SBS-PCM achieved 95% reflectivity at 145 W (2.9 J × 50 Hz) of high average-power operation. In the high averagepower operation, the SBS-cell also worked stably without laser breakdown of the SBS medium.
Next, two newly developed methods were employed to increase the amount of scattered light using the SBS-PCM: the first is the double-pass and multi-pass Thomson scattering scheme, while the second is a high average power laser are performed.
In the first method, a double-pass Thomson scattering scheme involving the SBS-PCM was successfully demonstrated in the JT-60U. In the initial results, the scattered light increased by 1.6 times, and the relative error for the electron temperature was reduced by 2/3 in contrast to a single-pass scattering. It is possible that the optimization of the optics could result in doubling the fraction of scattered light. The results in which a laser beam reflected by a SBS-PCM faithfully traced the same path as an incident path did not show a remarkable increase in stray light. A multi-pass Thomson scattering scheme based on double-pass scattering was newly proposed. Multi-pass scattering can produce an amount of scattered light several times or larger that of singlepass scattering, and the relative error in the measurement of electron temperature can be reduced by 37% in relation to the results obtained by the former method. We found that a Brillouin shift at SBS-PCM does not significantly influence the evaluation of electron temperature in multi-pass scattering measurements.
Regarding the second method, modification of a YAG laser system in JT-60U was carried out. An increase of the output beam power and improvement in the quality of a multistage YAG laser system was achieved by using the SBS-PCM. The phase conjugation of the optically nonlinear SBS process in liquid material effectively compensated thermal degradation by using a high average and high peak power amplifier. As a result, the average power was increased by over 8 times in contrast with the conventional system, achieving 368 W (7.4 J × 50 Hz) at its maximum. This high average and high peak output power laser system improved the measurement performance of Thomson scattering diagnostics in JT-60U. Temporal points were increased up to 1.7 times in contrast with the conventional system. The amount of scattered light was increased, and it is expected to be increased by up to 5 times in the next plasma experiments.
The experimental results in the JT-60U show that the SBS-PCM is applicable to plasma diagnostics which use high average-power lasers such as those employing Thomson scattering. It is notable that both the multi-pass (double-pass) scattering scheme and laser modification using the SBS-PCM can improve the measurement performance of Thomson scattering diagnostics easily. The measurement schemes that involve multi-pass scattering produce an increased amount of scattered light which allows the possibility of their various future applications. On the other hand, development of the laser utilizing the SBS-PCM shows promise for its use in ITER Thomson scattering diagnostics.
